With more than 10 fully sequenced, publicly available prokaryotic genomes, it is now becoming possible to gain useful insights into genome evolution. Before the genome era, many evolutionary processes were evaluated from limited data sets and evolutionary models were constructed on the basis of small amounts of evidence. In this paper, I show that genes on the Borrelia burgdorferi genome have two separate, distinct, and significantly different codon usages, depending on whether the gene is transcribed on the leading or lagging strand of replication. Asymmetrical replication is the major source of codon usage variation. Replicational selection is responsible for the higher number of genes on the leading strands, and transcriptional selection appears to be responsible for the enrichment of highly expressed genes on these strands. Replicational-transcriptional selection, therefore, has an inf luence on the codon usage of a gene. This is a new paradigm of codon selection in prokaryotes.
Traditionally codon usage data have had a wide variety of uses. It is often desirable to use codon usage information to reduce the redundancy of primers for the PCR (1) . Codon usage tables have been used to identify those ORFs that might encode a protein (2) . Also, codon usage patterns have been used to identify ORFs that probably do not encode functional proteins (3) .
Until recently, the dual influences of GϩC base compositional bias and translational selection have been considered to be the most important factors to affect codon usage variation in a prokaryotic genome (4) . In other words, the mutational bias of the genome (the propensity of the DNA polymerases to incorporate some nucleotides in a preferential manner over others) will have an effect on codon usage, but also, in many cases, highly expressed genes tend to utilize a particular subset of codons that are optimal for translational speed and accuracy (preferred codons). This paradigm of codon usage evolution was elucidated soon after the very first nucleotide sequence databases were created (5, 6 ) and has been preserved in an almost unchanged fashion since then.
Publication of the complete sequence of the Mycoplasma genitalium genome (7) provided evidence that a mutationselection balance might not always be sufficient to explain codon usage variation in prokaryotes. Within the genome there is variation in base composition at synonymously degenerate sites, and this variation corresponds to the physical location of the gene (8, 9) . As the genome is traversed, there are changes in base composition and, consequently, codon usage changes. The exact reason for this effect is not clear, although both reports of this phenomenon tentatively suggested that it might be linked to replication.
Fraser et al. (10) indicate that the origin of replication in B. burgdorferi is most likely to be found at the center of the genome with bidirectional replication proceeding toward the telomeres. They also identified a strand-associated substitution bias that switched in the middle of the genome, and this corresponded to the proposed origin of replication. The presence of the dnaA gene at this location further corroborated this assertion. The same situation was identified in M. genitalium (11) , and asymmetric substitution patterns have been discovered in a number of other bacteria (12) . In this paper, I demonstrate that strand asymmetry in B. burgdorferi is the major cause of codon usage variation and I suggest that selective pressures at the replicational and transcriptional levels are responsible for the unique pattern of codon usage bias that is seen in this organism.
MATERIALS AND METHODS
The complete genome sequence of B. burgdorferi was obtained from The Institute for Genomic Research Internet server (www.tigr.org͞tdb͞mdb͞bbdb͞bbdb.html). No attempt was made to alter the sequences or to remove those ORFs of unknown function.
The analysis of codon usage patterns was carried out by using GCUA (13) and CODONW (available from www.molbiol. ox.ac.uk͞cu). Correspondence analysis (CA) (14) of relative synonymous codon usage (RSCU) (15) values was carried out to determine the major source of codon usage variation. RSCU values are defined as the observed frequency of a codon divided by the expected frequency in the absence of any codon usage bias. An RSCU value greater than 1 indicates that a codon is used more often than expected, with the converse being true for RSCU values less than 1. RSCU values are much more independent of amino acid usage than simple measurements of codon abundance. Only those codons for which there is a synonymous alternative (a total of 59, excluding the termination codons and the codons that encode Methionine and Tryptophan) were used in the analysis. Each gene is described by a vector of 59 variables (codons). CA plots these genes in their 59-dimensional space and attempts to find axes through this space that describe the most important trends. (The reader is directed to ref. 14 for a more detailed explanation, with worked examples.)
The Effective Number of Codons (N c ) used by a gene is a measure of how small a subset of codons are being used by a gene. The measure ranges from 61 for a gene using all codons with equal frequency to 20 for a gene that is effectively using only one codon to translate its corresponding amino acid (16) . This measure has been shown to have a relationship to GϩC base composition at the third position of synonymously degenerate codons (GC3s). As a DNA strand becomes more compositionally biased, it will be expected to encode a smaller
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RESULTS
I conducted a correspondence analysis (14) of RSCU values on all of the B. burgdorferi potential and known ORFs. A plot of the two most important axes after the CA is shown in Fig. 1 . The first axis accounted for 13.7 percent of the total inertia of the 59-dimensional space. The second axis accounted for only 6.1%, and no other axis accounted for more than 5%. Most of the variation in the second axis was because of a small number of outliers, which were annotated mostly as short, hypothetical proteins. It is probable that these hypothetical proteins do not encode functional peptides. The principal axis was responsible for separating the genes into two clusters. These two clusters appeared to be quite distinct, with very little overlap. The closeness of any two genes on this plot reflects the similarities of their codon usages. On inspection, it was shown that these two groups defined the genes that were transcribed either in a direction away from the origin (on the leading strands) of replication or toward the origin (on the lagging strands). It must be remembered that because the genome is linear with replication beginning in the middle and proceeding toward the telomeres, there is a leading strand on the left-hand side of the genome and also on the right. The same is true for the lagging strands.
Separating all the genes from this genome into two categories, those transcribed on the leading strands (a total of 567: 286 ORFs on the left-hand side, 281 on the right) and those transcribed on the lagging strands (a total of 285: 150 ORFs on the left and 135 on the right), two separate cumulative codon usage tables were constructed. The total number of leadingstrand codons that were analyzed was 186,876, with a total of 96,783 lagging-strand codons being used. Both data sets had identical average GC3s values of 19%, and the average N c value for the leading strands was 38.8 and for the lagging strands it was 39.1. A 2 test was carried out to evaluate whether there were significant differences in codon usage between the two categories of genes ( Table 1 ). The differences were highly significant for 52 of 59 synonymously degenerate codons, the exceptions being CCC (Pro), ACC (Thr), UCG (Ser), GUG (Val), CGC and CGA (Arg), and GGC (Gly), all of which are rarely used codons. On the leading strands, 26 codons (all G-or U-ending) were used significantly more often, and on the lagging strands 26 different codons [mostly A-or C-ending, except CUG (Leu)] were used significantly more often.
An examination of where the codons were located on the principle CA axis showed that they were not separated as clearly as the genes. The codons were located along axis 1 in a continuous fashion. , and on the other side were those codons that ended in U or G. Toward the center of axis 1 were those codons mentioned above that were used infrequently in either data set and whose usage was not significantly different on the leading and lagging strands. Fig. 2a shows the relationship between N c and GC3s that exists on this genome. Generally, it can be said that the genes are not very biased in their codon usage, with most genes having an N c value between 30 and 50. The genome is very AT-rich, and most genes have a GC3s value between 10 and 30%. There is a slight correlation between GC3s and N c , indicating that the two are related. Separating the genes into three groups, those that are shorter than 500 bp, those between 500 and 1,000 bp, and those that are longer than 1,000 bp, it is easy to see that the longest genes cluster more tightly together, the intermediate genes have a wider variance, and the shortest genes have the broadest range of values (data not shown). A simple plot of gene length against N c (Fig. 2b) or against GC3s (Fig. 2c) shows that the whole genome is at equilibrium for GC3s and N c values, and any variation in these values is attributable to sample size (in short sequences a small number of mutations can change GC3s and N c values quite a lot).
DISCUSSION
The most important source of variation in codon usage in B. burgdorferi is attributable to the disparity in the mutational bias between the leading and the lagging strands of replication. This is the most important contributor to variation in codon usage and is clearly visible from CA. The mutational biases of the replication complexes have led to an increased level of G and T nucleotides on the leading strands. There are more A and C nucleotides on the lagging strands than would be expected from random incorporation. The net result of this situation is that on the leading strands, G-and U-ending codons are used significantly more often, and A-and C-ending codons are used significantly more often on the lagging strands (although there are some exceptions). Strand-specific asymmetrical mutational bias is not a new observation (11, 12, 17) , but for the first time it can be shown that this pattern of strand asymmetry is the single-most important cause of codon usage variation in an organism. The reasons for strand asymmetry are not conclusively understood, but computer simulations have suggested An asterisk (*) after the codon indicates that this codon is used significantly more often on the leading strands than on the lagging strands. Conversely, a plus (ϩ) indicates that the codon is used significantly more often on the lagging strand. The absence of any symbol after a codon indicates that there is no significant difference in usage of that particular codon on either strand. AA, amino acid.
Evolution: McInerney
Proc. Natl. Acad. Sci. USA 95 (1998) that a strategy of strand disparity in mutational bias can be advantageous at the population level (18) . Although strand-specific differences in base composition are responsible for variation in codon usage, we must look to the effects of replication and transcription to fully identify the evolutionary processes that have led to the codon usage pattern that is observed in B. burgdorferi. Selection at the level of replication is responsible for maintaining the majority of genes on the leading strands of replication. Transcriptional selection in highly expressed genes has overcome the effects of random genetic drift to cause the majority of the highly expressed genes, in particular, to appear on the leading strands of replication. Although the two selective pressures yield similar consequences, they are very distinct.
French (19) observed in an Escherichia coli in vivo system that replication proceeded more slowly through a gene that was transcribed in the opposite direction to replication. The gene in question was one of the highly expressed ribosomal RNA loci, rrnB. It is thought that head-on collisions between DNA and RNA polymerases is the reason for the discrepancy in replication rates. This suggests that there is a selective advantage to an organism that maintains most of its genes on the that approximately two-thirds of the genes on the B. burgdorferi genome were transcribed away from the origin of replication. This is a situation that has been seen in Mycoplasma genitalium (7) and also M. pneumoniae (20) . These organisms all seem to be benefiting from a mechanism of genome organization that maintains genes on the leading strand of replication. It is unlikely that this effect is a result of random genetic drift, because there seems to be an obvious selective advantage for maintaining genes on the leading strands of replication. On the other hand, the Methanobacterium thermoautotrophicum genome has approximately 51% of its genes on one strand and 49% on the other (21) . In the B. burgdorferi genome, there is very little information about levels of expression for each of the individual genes. We can, however, by analogy examine those genes whose expression levels are known to be high in most other prokaryotes. The majority of the ribosomal proteins, translation initiation factors, and metabolic genes such as glyceraldehyde-3-phosphate dehydrogenases are found on the leading strands of replication, although there are exceptions. This demonstrates that there is an additional selective pressure on the B. burgdorferi genome to maintain most of its highly expressed genes on the leading strands of replication. This selective pressure probably is found at the transcriptional level. In Drosophila melanogaster embryos, replication can passively follow transcription of codirectional genes (cf. Ubx) (22) . This is because the rates of replication and transcription are quite similar. Even in the bacteriophage T4, where the processivity of replication is much greater than transcription, the replication forks could proceed passively behind the transcription complex. In contrast, in E. coli, replication was capable of disrupting transcription of both codirectional genes and those on the opposite strand (19) . It is not known how much retardation of the replication complex would be observed for a gene whose expression is very low. It is also not known which mechanism is employed in B. burgdorferi.
A theoretical model for replicational-transcriptional selection in B. burgdorferi would postulate that replication in this organism has a severe impact on the ability of lagging strand genes to become transcribed. Therefore, a selective advantage accrues from transposition of these genes to the leading strands. In highly expressed genes, the selective advantage of transposition to the leading strands is much more likely to overcome random genetic drift, and these genotypes become fixed more easily in the population. In lowly expressed genes, the selective advantage is not so great. Lowly expressed genes do not interfere with replication to such an extent as highly expressed genes, and, also, the interruption of lowly expressed gene transcription is not nearly as deleterious. Transposition of a lowly expressed gene from a lagging strand to a leading strand might not offer a sufficient selective advantage and therefore might not become fixed so readily in the population. To examine this theory further, it is necessary to collect data on speeds of replication and transcription in B. burgdorferi.
Translational selection in prokaryotes is a term that is used to refer to the enrichment of optimal codons in highly expressed genes. This enrichment process enables major abundance proteins to be translated more rapidly and accurately. In E. coli and Saccharomyces cerevisiae, where tRNA abundance data is known, the highly expressed genes are enriched with codons for which the corresponding tRNA is present in abundance (5, 23) . In the absence of tRNA abundance data for B. burgdorferi it is not possible to say whether the codon usage pattern that is seen on the leading strands is more ''optimal'' than the pattern seen on the lagging strands. It is possible that the selective advantage offered by replicational-transcriptional selection is so great that highly expressed genes would use this codon usage pattern, even if it were not optimized to tRNA abundances. In such a case, replicational-transcriptional selection would overcome translational selection. An analysis of the positions of putatively highly expressed genes on the correspondence factor maps shows that although they are predominantly found on the ''leading-strands'' cluster, they do no appear to be occupying any space that would suggest that they are using a subset of codons that is different from any other leading-strand genes. In organisms where translational selection is deemed to be a force that contributes significantly to codon usage variation, the highly expressed genes frequently are located in a cluster that is quite distinct from other genes (3, 24, 25) . This might suggest that translational selection in the traditional sense is not sufficiently strong in B. burgdorferi to overcome the other influences on codon usage variation.
It is important to distinguish between the two different factors that are influencing codon usage in B. burgdorferi. The asymmetrical mutational bias, which is causing a difference in base composition between leading and lagging strands, is the most important cause of codon usage variation. Selective pressures at the replicational and transcriptional levels are responsible for which genes get which codon usage. Replicational and transcriptional forces are responsible for the orientation of many of the genes in the genome, and, in an indirect way, this is an influence on codon usage.
It is likely that the replicational-transcriptional selection mechanism described for B. burgdorferi is very closely related to the effect seen in the M. genitalium genome (8, 9) . M. genitalium's close relative M. pneumoniae showed no evidence of position-related variation in base composition (9) . It is possible that the M. genitalium genome is not quite in equilibrium for this phenomenon or that replicational-transcriptional selection is not sufficient to overcome random genetic drift. Therefore, although there was speculation that the wave of base-composition variation in that genome was related in some way to replication, the definite cause could not be assigned. In both Mycoplasma genomes, the majority of the ORFs are on the leading strands of replication. It is possible that the genome asymmetry in B. burgdorferi is more visible because the genome is linear. Therefore, there would be no interaction between replication forks at the end of replication.
One of the curious phenomena to emerge from the analysis of the B. burgdorferi genome is that there is no appreciable variation in GC3s mutational bias in any gene of the genome, nor is there much variation in N c values among the genes. It appears that N c is related to variation in GC3s. Wright (16) pointed out that these two factors were related to each other if there were no external influences that governed N c . It appears that in B. burgdorferi all the genes are in equilibrium for these two measures. The only variance in the data can easily be attributed to gene length. In effect, all genes would, if they were long enough, have a GC3s value of approximately 19% and an N c value of approximately 39.
The evolutionary process described here has serious practical implications for any methods that attempt to identify ORFs using codon usage patterns (2) . Previously, a codon usage table derived from all known sequences of an organism, or perhaps the highly expressed sequences, was used for gene prediction. We can see now that it is possible for a single organism to have two significantly different codon usages, and these differences are not based on expression patterns. In the B. burgdorferi genome, although the codon usage differences for 52 codons are considered significant, many of the codons have RSCU values greater than 1.0 on both strands. Although it has been known for some time that there is substantial codon usage variation in some genomes, this is the first time that replicational and transcriptional effects on codon usage have been so visible.
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